Background Resection of certain recurrent malignancies can prolong survival, but resection of recurrent pancreatic ductal adenocarcinoma is typically contraindicated because of poor outcomes. Methods All patients from 1992 to 2010 with recurrent pancreatic cancer after intended surgical cure were retrospectively evaluated. Clinicopathologic features were compared from patients who did and did not undergo subsequent reoperation with curative intent to identify factors associated with prolonged survival. Results Twenty-one of 426 patients (5 %) with recurrent pancreatic cancer underwent potentially curative reoperation for solitary local-regional (n07) or distant (n014) recurrence. The median disease-free interval after initial resection among reoperative patients was longer for those with lung or local-regional recurrence (52.4 and 41.1 months, respectively) than for those with liver recurrence (7.6 months, p00.006). The median interval between reoperation and second recurrence was longer in patients with lung recurrence (median not reached) than with liver or local-regional recurrence (6 and 9 months, respectively, p00.023). Reoperative patients with an initial disease-free interval >20 months had a longer median survival than those who did not (92.3 versus 31.3 months, respectively; p00.033). Conclusion Patients with a solitary pulmonary recurrence of pancreatic cancer after a prolonged disease-free interval should be considered for reoperation, as they are more likely to benefit from resection versus other sites of solitary recurrence.
Introduction
Although advances have been made in the multimodality treatment of pancreatic ductal adenocarcinoma (PDAC), the majority of patients who undergo potentially curative resection develop recurrent locoregional or distant disease at a median of 10-20 months after resection. [1] [2] [3] [4] [5] [6] [7] Resection of recurrent disease can be curative for selected patients with colorectal cancer, neuroendocrine carcinoma, renal cell carcinoma, and other solid malignancies. [8] [9] [10] [11] [12] Factors that predict favorable prognosis following surgical management of metastatic disease in such patients can include a longer disease-free interval (DFI), negative surgical margins at the initial resection, and a small burden of disease at the time of recurrence. [12] [13] [14] [15] [16] Recurrent PDAC, in comparison, has been notoriously difficult to manage surgically as it is typically characterized by aggressive growth, a multifocal pattern of recurrence, and technically unresectable disease. 6 Furthermore, even isolated or low-volume recurrence is commonly associated with widespread, radiographically occult micrometastases. Treatment of patients with recurrent PDAC has therefore historically been limited to palliative chemotherapy or best supportive care.
Little is known about the role of surgery for recurrent PDAC. Only anecdotal experiences and small case series have been previously published, and these series reported outcomes of patients diagnosed with a variety of periampullary neoplasms or those with recurrence limited to certain anatomic sites. [17] [18] [19] [20] We sought to gain a more comprehensive understanding of the outcomes of individuals with isolated recurrent PDAC treated with potentially curative reoperation and hypothesized that reoperation may be appropriate for selected patients with recurrent PDAC. To characterize these patients, we retrospectively evaluated the outcomes of all patients diagnosed at our institution with recurrent PDAC who underwent reoperation with curative intent over an 18-year period. This manuscript presents the largest known series to date of patients who underwent reoperation with curative intent for recurrent local or metastatic PDAC.
Methods
The Institutional Review Board at The University of Texas MD Anderson Cancer Center approved the collection and analysis of data associated with this study. Utilizing a prospectively maintained pancreatic tumor database, we identified all patients with histologically confirmed PDAC who underwent surgical resection with curative intent between January 1, 1992, and December 31, 2010. 21 Those with documented recurrent disease were selected for further analysis. Patients from this group who underwent a potentially curative reoperation are the focus of this study. We defined potentially curative reoperation for recurrent PDAC as completion pancreatectomy or tumor bed resection for local recurrence, wedge resection or lobectomy for lung recurrence, or either resection or percutaneous radiofrequency ablation (RFA) for liver recurrence.
Surgical resection of the primary tumor was performed using standardized techniques and was often preceded by chemotherapy and/or chemoradiation. 22, 23 Following resection, patients underwent routine post-operative surveillance that consisted of a chest X-ray, computed tomography (CT) of the abdomen and pelvis, and biochemical tumor marker assay (CA19-9) every 4 months for the first 2 years, every 6 months for the following 3 years, and annually thereafter. A new lesion on chest X-ray or the lung bases on the abdominal CT, or a rise in CA19-9 level without evidence of intra-abdominal recurrence prompted a dedicated CT of the chest. Recurrence was diagnosed by radiographic evidence of a new, suspicious low-density mass in the region of the resected pancreas, mesenteric root, liver, lung, or other distant sites. Biopsy of suspected recurrence was performed when the diagnosis was equivocal.
The pattern of initial recurrence was categorized as local, regional, or distant. Local recurrence was defined as recurrence isolated to the bed of the pancreatic margin, the pancreatic remnant, or the mesenteric root.
1 Tumors suspected as representing a second primary PDAC were reported as a local recurrence. Regional recurrence was defined as cancer in the soft tissue or regional lymph nodes outside the confines of the pancreatic bed, or disease in the peritoneal cavity. Distant recurrence was defined as recurrence in distant organs or lymph nodes. If a patient had more than one site of synchronous recurrence, he or she was included in all applicable categories for statistical purposes. Because of the limited number of patients in each group, individuals with a local or regional recurrence were grouped together and defined as the local-regional recurrence group.
All patients with recurrent PDAC who were considered potential candidates for reoperation were presented at a weekly multidisciplinary pancreatic tumor conference. Historically, patients considered potential candidates for reoperation have included those with a good performance status and a technically operable, solitary site of macroscopic disease, typically following a prolonged disease free interval (DFI).
Statistical analyses were performed using STATA/SE (v12.0) statistical software (Stata Corp. LP, College Station, TX). Summary statistics were used to describe the clinical and demographic characteristics of the study population.
Wilcoxon rank-sum test was used to assess differences between continuous variables. Categorical data were compared using Fisher's exact test or Pearson's chi-squared. The "first DFI" was defined as the time interval between the date of resection of the primary tumor and the date of initial recurrence. Censoring occurred at the date of last followup if a recurrence or death was not observed. Among patients who underwent potentially curative reoperation for recurrence, the "second DFI" was defined as the time interval between the date of reoperation for the initial recurrence and the date of second recurrence or last follow-up, whichever occurred first. Overall survival (OS) was defined as the time from resection of the primary tumor to death and was censored at the date of last follow-up if death had not occurred. The survival after reoperation was defined as the time interval between the date of reoperation for the initial recurrence and the date of death and was censored at the date of last follow-up if death had not occurred. Univariate Cox proportional hazards regression was used to model the association between each potential prognostic factor and OS or DFI. The Kaplan-Meier product limit method was used to estimate median OS and DFI based on clinicopathologic factors (i.e., patient factors, operative factors, and DFI). A two-sided significance level of 0.05 and a 95 % confidence interval (CI) were used for all statistical analyses.
Results

Patient Demographics and Original Resection Parameters
A total of 700 patients underwent potentially curative surgical resection for PDAC between January 1, 1992 and December 31, 2010. Of these patients, 430 (61.4 %) developed recurrent PDAC after resection by the time of last follow-up, 21 of whom were selected for reoperation with curative intent and 405 of whom were not. The remaining four patients were excluded from analysis because of insufficient follow-up data that precluded an accurate determination of disease-free interval and survival. These patients otherwise would have been included in the group not selected for reoperation (Fig. 1) . The median follow-up time after surgical resection of the primary tumor of all 426 patients who recurred was 18 months. The median followup time for the patients who were selected for reoperation for recurrence was 67 months.
Nineteen patients who underwent reoperation for recurrence had histologically confirmed recurrent PDAC either pre-operatively or on final pathology and two patients, both of whom underwent RFA of the liver, did not. The clinicopathologic profile of the entire cohort including subgroups of those selected and not selected for reoperation is illustrated in Table 1 .
Timing and Patterns of Initial Recurrence
The median first DFI of the 426 evaluable patients who recurred was 8.1 months. The median first DFI of patients who were selected for reoperation was longer than that of patients who were not selected (21.7 versus 7.85 months, respectively; HR 2.91 [CI 1.82-4.65], p<0.001). Figure 2 demonstrates that among patients selected for reoperation, the median first DFI of patients with lung recurrence was longer than that of patients who recurred in the liver (52.4 vs. 7.6 months, respectively; HR 0.16 [CI 0.04-0.6], p0 0.007). Similarly, the median first DFI of patients with localregional recurrence was longer than that of patients who recurred in the liver (41.1 vs. 7.6 months, respectively; HR 0.18 [CI 0.05-0.69], p00.012).
The patterns of initial recurrence of all patients in this series are reported in Table 1 . The initial recurrence pattern differed between patients who were and were not selected for reoperation as no patient with carcinomatosis or multiple sites of recurrence was selected for reoperation. Among the patients selected for reoperation, the distribution of initial recurrences was 6 (28.6 %) local, 14 (66.7 %) distant, and 1 (4.8 %) regional recurrence as a solitary abdominal wall implant. Distant recurrences in patients selected for reoperation included 6 (42.9 %) cases of liver metastasis, 7 (50 %) cases of lung metastasis, and 1 (7.1 %) case of brain metastasis.
Perioperative Parameters and Recurrence Characteristics of the Reoperation Cohort
The median time between surgical resection of the primary tumor and reoperation for recurrent disease was 27.4 months (range, 10.8-90.3 months). The median duration from the diagnosis of initial recurrence to reoperation was 138 days Fig. 1 Profile of the patient population. The "Selected" cohort is defined as those individuals selected for a second, potentially curable operation for recurrent pancreatic ductal adenocarcinoma (PDAC). The "Not Selected" cohort is defined as those individuals who were not selected for reoperation (range, 4-604 days). During this time, 16 (76.2 %) of 21 patients received chemotherapy and 2 (9.5 %) patients received chemoradiation, all demonstrating stable or decreased disease burden prior to reoperation. Four (19 %) patients underwent planned curative RFA of a solitary liver metastasis ( Table 2 ). The remaining 17 (81 %) patients underwent a resection of their recurrence which included: lung (n07), completion pancreatectomy (n05), liver (n02), brain (n01), local tumor bed recurrence (n01), and abdominal wall implant (n01). No perioperative deaths occurred after the repeat resections, and 6 (28.6 %) patients went on to receive adjuvant therapy with various regimens.
After reoperation, a total of 14 patients (66.7 %) recurred a second time after a median second DFI of 9 months. There The "Selected" cohort is defined as those individuals selected for a second, potentially curable reoperation for recurrent pancreatic ductal adenocarcinoma (PDAC). The "Not Selected" cohort is defined as those individuals who were not selected for reoperation. Clinicopathological factors defined as follows: Not Significant (NS), Length of Stay (LOS) was no statistical difference between the second DFI of patients with liver and local-regional recurrence (6 and 9 months, respectively). The median second DFI of patients after reoperation for lung recurrence (not reached, mean 21 months) was longer than that of patients who underwent reoperation for liver or local-regional recurrence (6 and 9 months, respectively; p00.023; Fig. 2 ).
Survival Data
The 5-year OS rate of the patients selected for reoperation was 52.4 %. The median OS of patients selected for reoperation and those who were not was 81. Fig. 3 ). Patients still alive after reoperation include four who underwent lung resection, three who underwent local-regional resection, and one who underwent liver RFA, with a median follow-up after reoperation of 30.5 months, 14 months, and 1 month, respectively (Table 2) . Among the clinicopathologic factors evaluated, those significantly associated with OS on univariate analysis in the patients selected for reoperation were pattern of initial recurrence, the status of the regional lymph nodes at the initial operation, and the duration of the first DFI. Lymph node positivity at the initial primary tumor resection was associated with a shorter OS (HR 4.59 [CI 1.17-18.04], p0 0.03) but not with a shorter first DFI (HR 2.3 [CI 0.84-6.3], p00.1). In addition, utilizing log-rank analysis, patients who underwent reoperation for recurrence with a first DFI of greater than 20 months had a median OS of 92.3 months, which was longer than the median OS of 31.3 months for those reoperative patients who had a first DFI of less than 20 months (HR 0.27 [CI 0.08-0.9], p00.033; Fig. 3 ). The median survival after diagnosis of the second recurrence among the 14 individuals who recurred a second time was 16 months, with no statistical difference in survival duration based on the first site of tumor recurrence.
Discussion
This study presents the largest series to date of patients who underwent potentially curative reoperation for recurrent local-regional or metastatic PDAC following intended curative resection of the primary tumor. Our data suggest that reoperation can be performed safely but demonstrate that reoperation should be considered primarily for individuals who develop a solitary pulmonary recurrence of PDAC after a prolonged initial DFI, as these patients appear most likely to benefit from surgery.
Several small reports regarding re-resection of recurrent PDAC in the lungs or remnant pancreas have been reported previously (Table 3) . Arnaoutakis et al. 24 reported their experience of selective resection of solitary pulmonary metastases which revealed that the 9 patients who underwent re-resection had a longer OS than the 22 patients who did not (51 versus 23 months, respectively; p00.04). They demonstrated that pulmonary metastasectomy can be performed safely as there were no procedure-related complications or perioperative deaths. Lavu et al. 20 retrospectively reviewed 11 patients who underwent reoperative completion pancreatectomy for suspected malignant disease. Of these patients, however, only six were histologically confirmed to be recurrent PDAC. Nevertheless, those with histologically Fig. 2 Median first and second DFI among patients selected for reoperation stratified by pattern of initial recurrence. The recurrence pattern of those selected for reoperation was divided into three categories to elucidate differences in disease-free interval (DFI, displayed in months). The first DFI is defined as the interval from the initial resection of the primary PDAC to first recurrence. The second DFI is defined as the interval from reoperation for recurrence to second recurrence. A statistically significant difference in the first DFI is seen between the lung and locoregional recurrence groups versus the liver recurrence group (p00.006). The second DFI for patients with an initial lung recurrence who underwent reoperation was longer than those with a liver or local-regional recurrence (p00.023). The median period for the second DFI for the lung recurrence group has not been reached and is reported as the mean interval (asterisk) confirmed PDAC had a median survival after re-resection of 32 months with no 30-day post-operative mortality. Finally, Kleeff et al. 25 reported resection of recurrent PDAC located either locoregionally or in the lungs in 30 patients. Resection was potentially curative with an R0 or R1 resection in only eight of these individuals, as opposed to an R0 resection in the 17 individuals from the current study who underwent resection for their recurrence. There was no difference in median OS between the R0/R1 resection, R2 resection, and exploration/palliative groups in the Kleeff series. In that series, patients with a first DFI of greater than 9 months appeared to benefit most from re-resection, compared to 20 months in our series. Despite the differences between these two studies in regards to the duration of the first DFI correlating with improved survival, the presence of favorable tumor biology likely played a large role in the ability of patients to have even been considered for reoperation. These reports demonstrate that resection can be performed safely with prolongation of survival in selected patients.
Typically, most patients with PDAC recur at multiple sites or with carcinomatosis, but we have historically considered patients with recurrent PDAC for reoperation who have a good performance status, a technically operable, solitary site of macroscopic disease, and a relatively prolonged DFI. The intent of these general criteria was to select a population of patients with indolent disease for whom reoperation was both possible and likely to be associated with favorable long-term survival. In this study, we confirm that resection of liver recurrence, which typically occur within the first 2 years, is not beneficial. 1 However, we also found no data to support the use of surgery for patients with local-regional recurrence, even though the first DFI of such patients may be prolonged. Although patients with localregional and lung recurrence underwent reoperation following a similarly prolonged first DFI, prolonged disease-free survival after reoperation was only observed among those with lung metastasis as patients with an initial local-regional recurrence tended to re-recur quickly after reoperation. The lung metastasis in each of the patients in our reoperative lung cohort were all unilateral, solitary site of disease although the possibility exists that resection may also be beneficial for multiple, unilateral tumors as has been demonstrated for cancers of other sites. 26, 27 Finally, in this series, 86 % of patients who underwent reoperation were treated with either chemotherapy or chemoradiation which also served to assess and select for disease biology prior to reoperation. 4, 22, 28 The need to identify, in a prospective manner, patients with recurrent disease who will benefit from surgery supports this use of preoperative therapy prior to reoperation.
Although this study has the inherent limitations of a retrospective study and there is a selection bias in our cohort who underwent reoperation, it is the largest known collection of patients to date who have undergone reoperation specifically for cure of a solitary PDAC recurrence, excluding other periampullary malignancies (Table 3) . In contrast to these prior series, the current study evaluated all patients with recurrent pancreatic cancer regardless of metastatic site. Furthermore, all patients reported in this study, except Fig. 3 Kaplan-Meier analysis for DFI and OS between the various study cohorts. The median first DFI for those selected for reoperation versus those who were not selected was 21.7 and 7.85 months, respectively (p<0.001, a). When those selected for reoperation are subcategorized by recurrence location, patients with hepatic recurrence had a significantly shorter median first DFI than patients with lung or locoregional recurrence (p00.006, b). The median OS after initial resection in those selected for reoperation was significantly shorter in patients with a hepatic recurrence than in those with a lung or locoregional recurrence (p00.034, c). Those patients with a median first DFI >20 months and underwent reoperation for recurrence had a significantly longer OS than those with a first DFI <20 months who underwent reoperation (p00.033, d) Time to resection (TTR) as reported in prior studies is defined as the interval between primary resection of PDAC and resection of recurrent disease; second DFI, and survival after reoperation are reported as median time intervals; not reported (NR) two who had imaging consistent with PDAC recurrence and underwent RFA, had biopsy-proven recurrent PDAC. Finally, reoperation in all cases was potentially curative (either complete macroscopic resection or RFA). Within this context, we have demonstrated that proper selection of patients with favorable disease biology is critical to long-term survival following reoperation. Although the majority of our patients with a recurrence of PDAC in their liver were treated by RFA, only one of the four patients recurred a second time at the actual RFA site with the remaining three RFA patients and two liver resection patients recurring elsewhere either in the liver or as a malignant pleural effusion, suggesting that additional micrometastatic disease was present at the time of reoperation. To gain further understanding of disease biology and implications for resection of solitary recurrences, paired analyses of reoperative versus non-operative treatment of patients with these recurrences need to be undertaken. Because patients with recurrent or metastatic disease are not typically considered to be operative candidates, it may be difficult to identify patients with a solitary recurrence and prolonged DFI, as they are often relegated to chemotherapy or best supportive care.
Conclusion
We conclude that patients who develop a solitary recurrence of PDAC in the lung after a prolonged DFI should be considered for reoperation. We found that a survival difference was seen with a first DFI of greater than 20 months, and it is imperative that such a prolonged period of observation be used to account for tumor biology and potential future recurrence sites. In addition, individuals who have disease recurrence at non-pulmonary sites are likely to develop subsequent disease recurrence soon after reoperation regardless of their first DFI duration and likely are not appropriate candidates for such a reoperative approach. Further studies are needed to uncover any specific survival advantage gained in patients who undergo resection of recurrent solitary PDAC compared to patients with a solitary recurrence who do not undergo resection. This is especially important for patients with a pulmonary recurrence, as they appear most likely to benefit from such a reoperative approach.
